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Overview

Timeline Barriers
* Task Start: 10/1/14 » Barriers Addressed
 Task End: 9/30/19 - ?‘YZ%(I)I?VZV, rf.urther reduce EV battery-pack cost to
* Percent Complete: 25% — Advanced Li-ion HEVIPHEV battery systems with low-

cost electrode architectures.
— Achieve deep discharge cycling target of 1000 cycles

for EV 2022
Budget Partners
* Total task funding « Interactions/Collaborations
— $3600k > National Laboratories: ANL, SNL, INL

. » Battery Manufacturers: XALT Energy, Navitas Systems
° $800k IN FY1 5 »  Material/Process Suppliers: PPG Industries, Phostech

. Lithium, TODA America, Superior Graphite, Zenyatta
° $700k INn FY1 6 Ventures, GrafTech International, Timcal, JSR Micro,

Solvay Specialty Polymers, SABIC Global Technologies,
Ashland, Molecular Rebar Design, Eastman Chemical

» Equipment Manufacturer: Frontier Industrial Technology

* Project Lead: ORNL
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Relevance & Objectives

 Main Obijective: To improve cell energy and power density and

reduce battery pack cost by manufacturing thick electrodes via
aqueous processing.

Replace NMP processing with water-based chemistry at scale.

Understand limiting performance factors in thick electrodes towards
high energy and power density.

Investigate processibility of thick electrodes (coating integrity, substrate
adhesion, particle/agglomerate cohesion, etc.).

Characterize electrolyte wetting.

Correlate electrode structure with cell performance.

Optimize power density by controlling particle size distribution,
electrode porosity, pore size distribution, and porosity gradients.

* Relevance to Barriers and Targets

— Correlation of aqueous colloidal dispersion properties and thick electrode coatings to cell
performance to reduce LIB pack cost by ~17% (up to $85/kWh-usable reduction based on

$503/kWh).

— Increase energy density to >>200 Whikg (cell level)
— Preserve long-term performance: achieve a lifetime of 10 years and 1000 cycles at 80% DOD

for EVs and 5000 deep discharge cycles for PHEVS.
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Rechargeable battery
Voltage: 3.7-4.5V
Capacity: 100mAh-7Ah
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Project Milestones

3/2016 Stretch Milestone ~ Complete 1.5-Ah pouch cell rate performance, low-rate cycling (50 0.2C/-0.2C
V‘ (Completed 5/2016)  cycles), and high-rate cycling (150 1C/-2C cycles) for cells with aqueous ABR
“ anode and first design of aqueous, graded cathode architecture with NMC 532
—> improve gravimetric energy density of baseline cell design to 2180 Wh/kg
(cell level) and demonstrate no more than 10% capacity fade through 100
additional 0.33C/-0.33C cycles in 1.5-Ah full pouch cells.

9/2016 Go/No-Go Decision  Gen 1 Cathode Performance Criteria: complete 1.5-Ah pouch cell rate
(On Schedule for Go) performance, low-rate cycling (50 0.2C/-0.2C cycles), and high-rate cycling

(150 1C/-2C cycles) for cells with combined Gen 1 anode and cathode
design of graded electrode architecture - improve gravimetric energy
density of baseline cell design to =200 Wh/kg (cell level) and demonstrate no
more than 20% capacity fade through 200 additional 0.33C/-0.33C cycles in
1.5-Ah full pouch cells. If Gen 1 design does not provide at least 200 Wh/kg
and 80% capacity retention, move to Gen 2 materials and electrode grading
design for FY17.
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Project Approach

* Problems:

— Excessive agglomeration and settling in aqueous dispersions.
— Poor wetting and adhesion of water-based dispersions to current collector foils.
— Poor electrode flexibility, integrity, and power density of thick electrodes.

» QOverall technical approach and strategy:

Experimental

modeling

Electrode
formulation

Graded thick
electrodes

Dual slot-die
coating

“Simulation™
" onenergy-
[ pOWeE
\  densityvs
\_ electrode

ijjckiicss

Drying
protocol
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Project Approach - Pilot-Scale Electrode
Processing and Pouch Cell Evaluation: DOE Battery
Manufacturmg R&D Facmty (BMF) at ORNL

Planetary Corona Plasma Treater
Mixer (2 L)  (Surface Energy Modification) N % 7 S

.q:___

PSS EMERGENCY STOP e

Jﬂeated ~alender (80 ODD'Qbf)
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Technical Accomplishments - Executive
Summary

Significant revision in energy consumption of electrode primary drying via aqueous and
NMP-based processing (with B&W MEGTEC and ANL).

Completed 1000 high-rate (accelerated durability) cycles of 1.5-Ah pouch cells with both
anodes and cathodes for both aqueous and NMP-based processing.

Numerical modeling on benefit of thick electrodes to energy-power density.
Built a custom experimental apparatus for electrolyte wetting study.
Started calendar life study of 1.5-Ah pouch cells with INL.

Specific Accomplishments

— Obtained 1.5 Ah pouch cell data for agueous and NMP processed NMC 532 cathodes through
1000 1C/-2C cycles.

— Numerically simulated correlation of energy and power density with electrode thickness.
— Doubled NMC532 thickness with 2 separate coating methods.
— Pre-screened processibility of different graphite materials for thick graphite anodes.

Jianlin Li, DOE Annual Merit Review, June 8, 2016 7 ¥ 0ax RIDGI INATIONAL LABORATORY

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE



Technical Accomplishments - Energy
Consumption in Primary Drying

BW

MEGTEC

Dwell Time vs Coating % Solids

Dwell Time vs Dry Coat Weight
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Processing Step NMP (kcal/m2-web) Water (kcal/m2-web)

Wet Coating Heat 84.3 272

Load

Dryer Heat Load 1067 1351
Solvent Recovery 751 NA

Total Heat Load 1902 1623
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* A 14.7% reduction for base case,
which is far less than the 26x
reduction proposed by Wood et al.,
JPS, 275, 234 (2015).

» Best case scenario for aqueous
processing (with optimized
conditions) is likely a 2x energy
consumption reduction.
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http://www.thomasnet.com/profile/10079662/bw-megtec.html
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Technical Accomplishments - All Aqueous
Processed Cells Outperformed Baseline Cells
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* Industry partner-NMC cathode via aqueous
processing

» All aqu—all aqueous processed electrodes
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Technical Accomplishments — Excellent Cyclability
in All Aqueous Baseline Pouch Cells
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» Excellent cyclability at 0.2C and 0.33C

» 80% capacity retention at 0.33C predicted
at 792 cycles

» Energy density at 169 Wh/kg at 0.2C
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Technical Accomplishments - Energy Density
Saturated with Increasing Electrode Thickness
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Technical Accomplishments - Smaller Particle
Size and Higher Electrolyte Salt Concentration
Beneficial to Energy-Power Density
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Material effect on energy-power density:

» Small particle size of active materials

» Higher lithium salt concentration
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Technical Accomplishments -Low-Rate
Performance in Thick Electrodes (Pouch Cells)
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Technical Accomplishments - Low-Rate
Performance in Thick Electrodes (Pouch Cells)
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Technical Accomplishments -Screening

« The following graphite materials have been studied:
— A12, G8 graphite from ConocoPhillips
— Formula BT graphite from Superior Graphite
— APN 13 graphite from Graftech
— SCMG-BH graphite from Showa Denko

* Anode preparation:
- Gtrgphite/C65 ICMC/SBR 92/2/1.2/4.8, solid content ~55
WU/

— 0.12 wt% Oxalic acid was added.
— High shear mixer at 4000 RPM for 40 minutes
— Doctor blade coating with loading of 12~18 mg/cm2.

Graphite Powder for Thick Anode

Graphite (SCMG-BH)
from Showa Denko
maintained excellent
integrity when passing
through a 5§ mm pin.
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XALT% Energy AMERICA

Collaborations

* Partners

— National Labs: Argonne National Laboratory, Sandia FH'ONTIER
National Laboratory, Idaho National Laboratory $) | SOLVAY

soway| SPECIALTY POLYMERS
— Battery Manufacturers: XALT Energy, Navitas

Systems TDMCAL i ' A “

— Active Material Suppliers: Phostech Lithium, TODA SYSTEMS
America, Superior Graphite, GrafTech International,

Zenyatta Ventures @YQT@E Sl B w

AAAAAAAAAAAAAAAAAA

— Inactive Material Suppliers: JSR Micro, Solvay _ @
Specialty Polymers, SABIC Global Technologies, rsxlg'?ig:ﬂ?al e reek | 1o MEGTEC
Ashland, Timcal R i RESAER S

—  Equipment/Coating Suppliers: PPG Industries, ASHLAND.
K/lrggtllc_aég]dustrlal Technology, ConQuip Inc., B&W ] SR Micro IR

» Collaborative Activities

— Electrode thickness and electrolyte volume effect, cell assembly standard, and formation protocol effect on
SEl with ANL.

— Selection of appropriate dispersants and water-soluble binders for aqueous processing and thick electrode
development (with Solvay Specialty Polymers, JSR Micro, Ashland, and Molecular Rebar Design).

— Scale-up logistics and manufacturing cost savings of aqueous electrode processing with key coating
experts (PPG Industries and Frontier Industrial Technologies).

— Drying economics and capital expense quantification for water vs. NMP-based electrode drying (B&W
MEGTEC and ANL).
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Future Work
* Remainder of FY16

— Characterize pore structure and electrolyte wetting in electrodes via agueous and NMP-
based processing.

— Begin obtaining 2000 USABC capacity fade cycles at 0.33C/-0.33C for baseline
PVDF/NMP and all-aqueous processed pouch cells.

— Characterize the contribution of interfacial resistance between electrode layers to the
overall polarization.

— Develop initial formulations for dual slot-die coated (graded) thick electrodes.
— Fabricate thick electrodes with various active material particle size.

— Characterize stability of high-nickel content NMC (NMC622, NMC811) in aqueous
suspensions.

 |Into FY17

— Continue formulation development and scale-up work with PPG Industries.

— Continue obtaining 2000 USABC capacity fade cycles at 0.33C/-0.33C for different thick
coating strategies.

— Continue calendar life studies with INL with different thick electrodes.
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Summary

Objective: This project facilitates lowering the unit energy cost by up to $85/k\Wh-usable for
EVs and PHEVs by addressing the expensive electrode coating and drying steps while
simultaneously increasing electrode thickness.

Approach: Blends colloidal and surface science with manufacturing science (coating,
drying, etc.) and electrode engineering to enable implementation of aqueous processed
thick electrodes for high power performance.

— Processing and capital cost savings for agueous processed thick electrodes are addressed.
— Electrode formulation and processing are developed to enable thick electrode manufacturing.
— Drying protocols are developed for electrode integrity and homogeneity.

— Electrode architecture is optimized for appropriate power density.

Technical: Scale up manufacturing of water-based NMC532 and CP A12 electrodes;
Demonstrated calendar life in 1.6-Ah pouch cell with both NMP and water-based NMC532
and CP A12; Enabled thick electrodes via multiple coatings or dual slot-die coating;
Characterized porosity gradient effect on power density.

Collaborators: Extensive collaborations with national laboratories, lithium-ion battery
manufacturers, raw materials suppliers, and coating producer.

Commercialization: Highly engaged with potential licensees; high likelihood of technology
transfer because of significant cost reduction benefits and equipment compatibility.
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